An uneven-aged silviculture experiment was established in second-growth peatland black spruce (Picea mariana [Mill.] B.S.P.) stands in the boreal forest of northeastern Ontario, Canada in 1994. Three harvest treatments along with an unharvested control were applied in three replications. Fifteen-year results indicate that light-and medium-intensity harvest treatments maintain stand structure suitable for the continued application of uneven-aged silviculture treatments. Based on basal area growth trends and the development of stand structure, a cutting cycle of 20-25 years appears to be feasible for these treatments. Future harvests will likely yield a higher proportion of larger diameter trees with a greater value. The heavy harvest intensity treatment will result in a greater fluctuation of the growing stock and a longer cutting cycle. Without cutting treatments, the control treatment may eventually develop a stand structure that is unsuitable for the implementation of uneven-aged silviculture.
Introduction
Forests provide multiple benefits to society including the production of timber, storage of carbon, conservation of biodiversity and provision of recreational opportunities. The demand for these diverse benefits is increasing, making forest management more challenging. Uneven-aged or selection silviculture can contribute to meeting this challenge by continuously delivering a range of simultaneous benefits (Diaci et al., 2011) .
Uneven-aged silviculture has been successfully implemented in spruce (Picea spp.) and fir (Abies spp.) dominated stands in temperate forest regions such as central Europe (Schü tz, 2001; Boncina, 2011) and eastern North America (Kenefic et al., 2005) . Uneven-aged silviculture also appears to be applicable to spruces in boreal regions, particularly Norway spruce (Picea abies L.) in Fennoscandia (Andreassen, 1995; Laiho et al., 2011) and black spruce (Picea mariana [Mill.] B.S.P.) in Canada (Groot, 2002) . Compared with temperate regions, however, experience with and implementation of uneven-aged silviculture in boreal regions is rather limited. This is especially true in Canada, where an experiment in black spruce (Groot, 2002) appears to be the only longterm investigation of boreal uneven-aged silviculture.
Black spruce is one of the most widely distributed tree species in North America (Burns and Honkala, 1990) and grows on boreal forest sites ranging from forested peatlands to mesic uplands to shallow soils over bedrock. Black spruce stands often establish following wildfire, and these stands are typically even-aged (Burns and Honkala, 1990) . Fire return intervals in the boreal forest increase from central Canada to eastern Canada because of precipitation and humidity gradients and may reach several hundred years (Bergeron et al., 2001) . Many stands in these old forests develop an irregular size structure, with a broad range of diameter classes present. Stands that were harvested in the first half of the twentieth century also frequently developed an irregular size structure (Groot and Horton, 1994) .
Although black spruce has been mainly managed with even-aged systems in recent decades, silvicultural practices have been evolving to retain more advance regeneration and residuals during forest harvesting (Groot et al., 2005) . This evolution has not progressed to the adoption of uneven-aged silviculture, however. Little information or experience is available on the applicability of this silvicultural system to black spruce.
Several factors suggest that uneven-aged silviculture of black spruce on peatland sites may be feasible under certain circumstances, including the frequent occurrence of stands with appropriate size structures (Groot and Horton, 1994) , the abundance of black spruce advance regeneration in many natural peatland forests (Groot, 1984) and the low suitability of many peatland sites for the more shade tolerant and less economically valuable balsam fir (Abies balsamea [L.] Mill.). In 1994, an experiment was installed to obtain long-term data on the response of peatland black spruce stands to harvest treatments designed to implement uneven-aged silviculture. Previous reports have examined the response immediately (MacDonell and Groot, 1996) and 5 years after harvest (Groot, 2002) . The purpose of this report was to examine the 15-year response to treatment, with the specific objective of determining the influence of harvest treatment and time since harvest on stand structure and regeneration. A related objective was to estimate the likely length of cutting cycles.
Materials and methods

Study area description
The experiment was located at 498 07 ′ N, 808 36 ′ W in the Northern Clay Section of the Boreal Forest Region (Rowe, 1972) , in northeastern Ontario, Canada. Black spruce is the predominant tree species in this area and has been harvested for the manufacture of pulp, paper and lumber for nearly 100 years. The study area was harvested in the winter of 1929-1930, resulting in second-growth, black spruce-dominated, uneven-aged stands with reverse J-shaped diameter distributions (Groot, 2002) . The harvest removed merchantable stems, but left numerous residuals that developed into the current upper canopy trees. The stands were classified as belonging mainly to Forest Ecosystem Classification Site Types 11 and 12 (black spruce-Labrador tea and black spruce-speckled alder) (McCarthy et al., 1994) 
Harvest treatments
Across several similar stands, three replications of three harvest treatments and an unharvested control (con) were randomly applied to a total of 12 harvest blocks, each measuring 3.75 ha in area. The harvest treatments were designed to implement several intensities of removal, from the lightest harvest that was economically and technically feasible (given equipment trail coverage) to a harvest that removed all merchantable stems. The harvest treatments comprised of: (i) a light harvest with a planned removal of 35 per cent of the basal area (lharv), (ii) a medium harvest with a planned removal of 50 per cent of the basal area (mharv) and (iii) a heavy harvest (hharv) with a planned removal of all merchantable stems (.10 -12 cm DBH or 70 per cent of the basal area). These intensities included the removal of all merchantable stems on the equipment trails, which were 4 -6 m wide and spaced 8 -16 m apart. Removals between the trails were implemented as diameter limits (18, 15 and 12 cm DBH for the lharv, mharv and hharv treatments, respectively). These limits were determined from the preharvest diameter distribution and the planned trail occupancy in order to achieve the desired levels of removal. Black spruce and larger balsam fir were harvested, but larch trees were left standing because of the lack of market.
The harvests were carried out during January-February 1994 in a winter operation with frozen soil and deep snow. Harvesting was carried out with a cut-to-length, single-grip harvester (Timberjack FMG 1270) and a forwarder (Timberjack FMG 1010).
Measurements and statistical analysis
Measurement plots (10 ×50 m) were established in each harvest block prior to harvesting, with the long axis of the plot oriented at right angles to the planned harvest traffic. Two plots were established in each block of one replication, and one plot was established in each of the remaining blocks. The DBH, species and status of each tree taller than 1.3 m were recorded prior to harvest, and at the end of the first (except for the con treatment), fifth, 10th and 15th growing seasons after harvest. On the same occasions, the number of regeneration stems (,1.3 m tall) by species was assessed on twenty-five 4-m 2 quadrats arranged along the western (long) side of each measurement plot. Results from the blocks with two plots were averaged prior to analysis.
The effects of time since harvest (tsh) and harvest treatments (con, lharv, mharv, hharv-control, light, medium and heavy harvests) on stand structure and regeneration variables were assessed by fitting fixed-and mixed-effects models to the data using lm and lme in R (Pinherio and Bates, 2000) . Mixed-effects models took into account possible correlated error structures arising from the repeated measurement of the same blocks. The possibility that the relationship of dependent variables to tsh was not linear was explored by adding the square root (tsh 1/2 ) and the square of time since harvest (tsh 2 ) to models. Interactions between the harvest treatment and the time variables were also assessed. When heteroscedascity was evident, residual variance weighting by tsh and/or treatment was added to the model. As a result, a number of models were examined for each dependent variable. Final models were selected based on (i) the significance of the independent variables, and (ii) lowest Aikaike Information Criterion (AIC) among alternative models. Results are presented and discussed for final models only.
Models were fitted for post-harvest observations of the following dependent variables for block i, on occasion j, and for harvest treatment k: The model parameters included the following:
, where b 0 is the intercept, and b 0i is the random intercept effect associated with block i; b 1 + b 1i , where b 1 is a slope coefficient for tsh j or its transformation, and b 1i is the random slope effect associated with block i; l k is the fixed effect associated with harvest treatment k (k ¼ 1, 2, 3, 4 for con, lharv, mharv and hharv, respectively). Note that con served as the reference, so that l 1 ¼ 0; r k is coefficient associated with the interaction between harvest treatment k and tsh j or its transformation; and 1 ijk , the residual error.
Results
Stem density and basal area distribution
The post-harvest distribution of stem density and basal area by diameter class changed substantially in the 15 years following harvest (Figures 1 and 2 ). In the con treatment, stem density and basal area decreased in all classes ,12 cm DBH and increased in most classes .14 cm DBH After both the lharv and mharv treatments, stem density increased substantially and basal area increased slightly in the 0-to 4-cm DBH classes; stem density and basal area both decreased in the 6-to 10-cm DBH classes, and both increased substantially in most classes .10 cm DBH After the hharv treatment, stem density and basal area increased in all DBH classes except the 8-to 10-cm classes, where it decreased.
Forestry
Stem density of black spruce stems ≥15 cm DBH
The final model for the density of black spruce stems ≥ 15 cm DBH was:
The density of this stand component increased linearly with tsh, and the effects of lharv, mharv and hharv differed from con (Table 1 ). All harvest treatment ×tsh interactions were significant as well. The final model included random intercept effects. The density and rate of increase in density of this component decreased with increasing harvest intensity. One year after harvest, this stand component was reduced to 8, 76 and 142 stems ha 21 in the hharv, mharv and lharv treatments, respectively, compared with 442 stems ha 21 in the con treatment. The model indicated that while this stand component increased at the annual rate of 2 stems ha 21 year 21 in hharv, the rate of increase was 9 and 10 stems ha 21 year 21 in lharv and mharv, respectively, and 15 stems ha 21 year 21 in con (Figure 3a ).
Stem density of black spruce stems ≥10 cm DBH
The final model for the stem density of black spruce ≥10 cm DBH was:
The stem density of this stand component increased linearly with tsh, and the effects of lharv, mharv and hharv differed from con (Table 2) . Harvest treatment × tsh interactions were not significant. The final model included both random intercept and slope effects. Tukey contrasts indicated that the density of this component was significantly lower in the hharv treatment, compared with the lharv and mharv treatments (P , 0.05); in general, the density of this component decreased with increasing harvest intensity. One year after harvest, this stand component was reduced to 309, 608 and 677 stems ha 21 in the hharv, mharv and lharv treatments, respectively, compared with 1212 stems ha 21 in the con treatment. For all treatments, the density of this stand component increased at the annual rate of 12.5 stems ha 21 year 21 (Figure 3b ). Uneven-aged silviculture in Ontario, Canada
Stem density of black spruce stems ,4 cm DBH
The final model for the stem density of black spruce ,4 cm DBH was:
Treatment effects alone were not significant in the model, but there was a significant interaction between the tsh and hharv treatments (Table 3 ). The pre-harvest stem density varied substantially with treatment for this stand component. Including random effects in the intercept in the model resulted in lower AIC, and accounted for the correlated error structure in these data. The density of this stand component averaged 1221 stems ha 21 immediately after harvest for all treatments, and increased linearly with tsh at a rate of 83 stems ha 21 year 21 in the hharv treatment (Table 3 and Figure 3c ). Otherwise, there was no effect of time since harvest or harvest treatment.
Total basal area
The final model for the total basal area of all species was:
Post-harvest total basal increased with tsh 2 , and the effects of lharv, mharv and hharv differed from con (Table 4) . Fifteen years after harvest, estimated basal area in the con treatment was nearly 33 m 2 ha
21
, whereas estimates ranged from 13 to 19 m 2 ha 21 in the harvest treatments. Tukey contrasts indicated Figure 4) .
Black spruce regeneration
The final model for the density of black spruce regeneration was:
Harvest treatment effects alone were not significant in this model, but the interactions of all harvest treatments with tsh 1/2 were Uneven-aged silviculture in Ontario, Canada significant. Including random effects in the intercept in the model resulted in lower AIC. The estimated density of black spruce regeneration 1 year after harvest ranged from about 7000 to 9000 stems ha 21 , and increased with tsh 1/2 at rates that varied with treatment (Table 5 ). Fifteen years after harvest, estimated densities were .20 000 stems ha 21 for the hhar and lharv treatments, and 16 000 and 14 000 stems ha 21 for the mhar and con treatments (Figure 5a and Table 5 ).
Balsam fir regeneration
Models of balsam fir regeneration that included random effects for intercept had the lowest AIC values, and in these models, time since harvest, treatment and their interactions had no significant effects. Balsam fir regeneration after harvest averaged 5641 stems ha 21 (model intercept), with a non-significant trend to lower densities with greater harvest removal (Figure 5b ).
Larch regeneration
The final model for the density of larch regeneration was:
where s 2 is the residual sum of squares, d 1,k , the variance weighting for treatment k and d 2 , the power coefficient to weight variance with tsh 1/2 . The density of larch regeneration varied strongly with harvest treatment, and the treatment effect interacted strongly with tsh 1/2 (Table 6 and Figure 5c ). Fixed-effects models provided lower AIC than mixed-effects models, and it was necessary to weight the residual variance by treatment and tsh 1/2 to deal with heteroscedascity. The density of larch regeneration in the con treatment was near 0 for the duration of the experiment, whereas density increased with tsh 1/2 for the three harvest treatments. Fifteen years after harvest, estimated larch regeneration density averaged 1000 stems ha 21 in the lharv and mharv treatments, and 5000 stems ha 21 in the hharv treatment (Table 6 and Figure 5c ).
Discussion
The distribution of basal area by DBH classes effectively illustrates the substantial changes in stand structure that occurred during the 15-year period following harvesting. In the control treatment, the shift in the distribution of basal area away from diameter classes ,12 cm and towards diameter classes .16 cm DBH is evidence that, without partial cutting, the structure of these peatland forests may eventually become unsuitable for the implementation of uneven-aged silviculture. The loss of basal area in the lower diameter classes and the increase in basal area in the upper diameter classes represents a trend towards a structure more typical of even-aged stands. Schü tz (1999) considered such a trend towards a more regular stand structure to be a general tendency, particularly in forests on better sites. In contrast, the increase in basal area with time across most diameter classes in the harvest treatments indicates that partial harvest was effective in maintaining structure suitable for the continued implementation of uneven-aged silviculture.
The diverging evolution of stand structure with harvest treatment is illustrated by the trends in stem density of the ,4 and ≥15 cm DBH stand components. The trend towards declining the density of stems ,4 cm DBH with time since harvest in the control treatment is indicative of the loss of the understorey component in this treatment. In contrast, the removal of most merchantable trees in the heavy harvest resulted in the effective release of advance regeneration and rapid recruitment into the ,4-cm DBH class. The rapid accumulation of stems ≥15 cm DBH Figure 4 Total basal area of all species in relation to time since harvest and harvest treatments. Forestry in the control treatment represents a shift in stand structure towards a relatively more dominant overstorey. The light-and medium-harvest treatments were effective in maintaining structurally diverse stands, consistent with the results of similar treatments in balsam fir black spruce stands in Quebec (Cimon-Morin et al., 2010) and subalpine Norway spruce in Scandinavia (Lundqvist, 2004; Øyen and Nilsen, 2004) . Structural diversity is important in supporting populations of a range of species in peatland black spruce stands (Drapeau et al., 2003; Deans et al., 2005) , making uneven-aged management a valuable silvicultural practice where management objectives include the maintenance of biodiversity.
Basal area increased with time since harvest in all treatments, but still had not reached pre-harvest levels in the three harvest treatments. The lack of differentiation in the rate of basal area increase with treatment could reflect the commonly observed insensitivity of stand growth rates to a broad range of site occupancy levels (Ziede, 2001) . For all of the harvested treatments, the increasing rate of basal area growth with time since harvest could be a result of the gradual release of the residual trees from suppression by removal of overstorey trees. Groot and Hö kka (2000) and Thorpe et al. (2007) found that peatland black spruce responds to release from suppression with increasing growth for a period of 10-12 years. It is noteworthy, however, that the control treatment also showed increasing growth with time since harvest. This suggests that broader scale environmental factors were also partly or wholly responsible for the pattern of basal area growth with time. One possible factor is biological drainage: as canopy cover in forested peatlands increases, the water-table Uneven-aged silviculture in Ontario, Canada drops, the thickness of the aerated root zone increases and productivity increases (Hö kka and Groot, 1999) . The most recent rate of basal area growth (0.43 m 2 ha 21 year 21 ) is consistent with the growth rate of mid-rotation natural black spruce stands growing on medium quality sites (Plonski, 1974) . If this basal area growth rate continues, the light-and medium-harvest treatments will reach the pre-harvest basal area of 25 m 2 ha 21 at 30 years after harvest. This implies a rather lengthy cutting cycle compared with single-tree selection cutting cycles in temperate forest types (O'Hara, 2002) . Nearly all of the basal area occurs between the equipment trails, however, and it is likely not desirable to return to pre-harvest levels of basal area when the overstorey is distributed in this pattern. The density and size of merchantable stems may be more useful criteria for setting the cutting cycle.
The increase of stems ≥15 cm DBH in the light-and mediumharvest treatments represents a progressive return towards pre-harvest levels for this stand component. The density of this component should exceed 300 stems ha 21 by 20 years after harvest in the light treatment and by 25 years after harvest for the medium harvest. This component is much more attractive financially for harvesting than components with smaller trees, since sawlogs can be obtained from each stem, and because harvesting and lumber processing costs decline with increasing DBH (Moore et al., 2012) . As a result, a cutting cycle of 20 -25 years seems to be feasible when light-or medium-harvest levels are applied, but further analysis of the economic sustainability of this harvest regime is needed. If the existing trail network was reused, as suggested by Ruel et al. (2007) , all subsequent harvests could concentrate on this more valuable stand component, while leaving ample smaller stems for the continued implementation of uneven-aged silviculture. A refinement in future harvests over the initial diameter limit harvest treatments would be to improve the stand structure and site occupancy by removing smaller stems from areas of locally high density and retaining isolated larger stems. An additional refinement would be to restrict harvesting equipment to more widely spaced (e.g. alternate) trails (Ruel et al., 2007) , allowing regeneration on alternate trails to enter the main stand.
The cutting cycle for the heavy harvest treatment will be considerably longer than that for the light-and medium-harvest treatments. The post-harvest accumulation of stems ≥15 cm DBH in this treatment is currently very slow, although it will eventually increase as the large number of trees in the smaller DBH classes progress to larger classes. If the basal area growth rate of the final 5-year period (0.43 m 2 ha 21 year 21 ) continues, a return to the study area average pre-harvest level of basal area (25 m 2 ha 21 ) will take 45 years from harvest. Thorpe et al. (2010) modelled the amount of time required for partially harvested peatland black spruce stands to return from a postharvest basal area of 3.4 m 2 ha 21 to the pre-harvest basal area of 17 m 2 ha 21 . Their return time ranged from 65 to 105 years, depending on the specifics of the harvest scenario, implying basal area growth rates of 0.13 -0.21 m 2 ha 21 year 21 . The lower basal area growth rate and longer cutting cycle predicted by Thorpe et al. (2010) may result from a combination of a lower level of post-harvest growing stock, poorer site quality and model bias. The long cutting cycles associated with the heavy harvest correspond with long return times estimated for heavy harvests in uneven-aged stand of subalpine Norway spruce in Sweden (Lundqvist, 2004) and Norway (Øyen and Nilsen, 2002) .
Black spruce regeneration will not limit the continued application of uneven-aged silviculture in this experiment, since the density of black spruce regeneration was high (.10 000 stems ha 21 except immediately after harvest) and increased with time since harvest in all treatments. The density of balsam fir regeneration decreased as a result of harvesting, and remained stable thereafter, suggesting that successive partial harvests may reduce this regeneration component. Balsam fir typically is poorly represented in the main canopy of black spruce peatland forests in this region (McCarthy et al., 1994) , likely because of high mortality and slow growth rates of this species on wet, nutrient-poor peatlands (Bakuzis and Hansen, 1965) . Consequently, reductions in the regeneration density of this species will not have much subsequent effect on the species composition of the main canopy. On the other hand, the density of larch regeneration was strongly affected by harvest treatment. Larch was not harvested in any of the treatments and acted as seed trees. The open conditions created by the heavy harvest evidently provided sufficient light for this shade intolerant species. Intensity of harvest may be used as a tool to influence the proportion of larch in developing stands.
Conclusion
An examination of the 15-year response of black spruce to harvest treatments designed to implement uneven-aged silviculture strongly supports the applicability of this management to peatland forests with irregular structure. Light-and medium-harvest treatments maintained suitable stand structure, and stand basal area growth increased with time since harvest to rates consistent with the productivity of peatland forests in this area. Based on the trends in stand basal area and the density of black spruce trees ≥15 cm DBH, a cutting cycle of 20-25 years is feasible for this intensity of harvest. Subsequent harvests will sustainably remove a greater proportion of trees from this larger size class, increasing the financial return of uneven-aged management through time.
The heavy harvest treatment had a greater impact on the growing stock and stand structure, resulting in a cutting cycle that will likely exceed 40 years. The fluctuation in growing stock and long cutting cycle places this management regime outside the boundaries of what is normally considered uneven-aged silviculture.
Stand structure in the control treatment is evolving towards a condition in which uneven-aged silviculture may no longer be feasible because of reduced representation of the smaller diameter classes.
Funding
The establishment and initial remeasurements of this experiment were funded by the Northern Ontario Development Agreement, Northern Forestry Program. Subsequent remeasurements were funded by the Lake Abitibi Model Forest and the Canadian Wood Fibre Centre.
